ACN -acetonitrile; GH -glycoside hydrolase; LC/MS -liquid chromatography/mass spectrometry; MS -mass spectrometry; PGA -polygalacturonic acid; PL -polysaccharide lyase.
Introduction
Plant biomass in the form of cheap agricultural and industrial waste is abundant throughout the world. Most of these wastes are used as animal feed or burned.
Therefore, there is a great interest in developing novel ways to reuse these wastes, both from an economic and environmental points of view. The economic aspect is based on the fact that such wastes can potentially be an appropriate starting material for the production of a wide range of useful value-added compounds for chemicals, energy, food, healthcare, and other industries [1] . The environmental concern is because most agro-industrial wastes contain compounds of toxic potential, which may cause environmental deterioration when the waste is discharged into nature [2] . Microbial enzymes are most often used to convert these wastes into potentially useful products. Enzymes provide high specificity, low energy or chemical consumption as well as low environment pollution [3] . In particular, thermostable enzymes have an obvious advantage as catalysts in these processes as they are operationally stable at high temperature, thus allowing easy mixing, better substrate solubility, high mass transfer rate, as well as a lowered risk of contamination [4] .
Classical approaches for the identification of biomass degradation-associated microbial enzymes are based on qualitative plate screening methods and quantitative colorimetric or chromatographic assays [5] . The high demand for the plant biomass degrading enzymes has precipitated the development of novel methods for screening these enzymes [6] [7] [8] . Peterson et al. [9] describe a simple method for screening fungal proteins with mannanase activity directly from zymogram using mass spectrometry (MS). The same approach was used to characterize the gut proteins of larval Asian longhorned beetles involved in the degradation of lignocelluloses [10] . More frequently, zones of interest in the zymograms are aligned with the corresponding protein bands in the equivalent gels without substrate, and the bands are typically excised from the equivalent gels for protein identification by MS [9, 11] . Usually, proteins of a single strain are analysed [9, 11] .
In this paper, we identify enzymes involved in the degradation of starch and polygalacturonic acid (PGA) using liquid chromatography/mass spectrometry (LC/MS) based analysis. Total protein from soil and compost samples was analysed. Extracellular proteins from thermophilic enrichment cultures were analysed in parallel and used as controls in the sample preparation and identification of proteins. Two different approaches for the preparation of starch and PGA degrading protein samples for LC/MS were compared, and the potential to use LC/MS-based identification of polysaccharidedegrading enzymes from the complex protein mixtures was evaluated.
Experimental procedures

Extraction of total protein from soil and compost samples
Soil sample RP2 and compost samples RP1, DL and IK were used to extract total protein. Extraction of total protein was performed according to Murase et al. [12] with some modifications. Namely, soil and compost samples were suspended in a 67 mM L -1 phosphate buffer (pH 6.0) and sonicated with constant cooling. In order to extract native proteins, trichloroacetic acid, ethanol and diethyl ether were excluded from the extraction protocol. Total protein samples were subjected to SDS-PAGE and zymographic analyses.
Preparation of extracellular protein samples from thermophilic enrichment cultures
Thermophilic PGA and starch enrichment cultures were grown in the media described by Takao et al. [13] and Al-Qodah [14] respectively. 1 g of soil or compost was suspended in 100 ml of growth medium. Enrichment cultures were cultivated for 24 hours at 60°C at 180 rpm. 1 ml of the enrichment culture was transferred into fresh medium, and cultivation was repeated for 24 hours. Cells were removed by centrifugation (7000×g, 20 min, 4°C), and solid ammonium sulphate was slowly added to the supernatant with constant stirring to achieve 80% saturation. The precipitate was recovered by centrifugation (12000×g, 20 min, 4°C), then dissolved in a 50 mM Tris-HCl buffer (pH 7.0//25/60ºC). Extracellular protein samples were subjected to SDS-PAGE and zymographic analyses.
Zymographic analysis and SDS-PAGE
PGA and starch zymograms were performed in SDS/polyacrylamide gels containing 0.05% PGA or 0.1% starch respectively. After electrophoresis, the gels were washed for 20 min in 1% Triton X-100 and incubated in 50 mM Tris-HCl buffer (pH 7.0//25/60ºC) overnight at 25 and 60°C. After incubation, starch zymograms were stained with iodine, and PGA zymograms were stained with 0.025% ruthenium red. Active bands were excised from the gels and subjected to LC/MS analysis. SDS-PAGE was performed using methods developed by Laemmli [15] on a 12% running gel, and protein bands were visualized by staining with PageBlue TM Protein Staining Solution (Thermo Fisher Scientific). Zymograms were run in parallel with SDS/polyacrylamide gels. Zones of enzymatic activity in the zymograms were aligned with the corresponding bands on the equivalent gels without substrate. Bands were excised from the SDS/polyacrylamide gels and subjected to LC/MS analysis.
LC/MS analysis
Peptide mixtures were analysed by LC-MS/MS (liquid chromatography coupled to tandem mass spectrometry) using nanoAcquity (Waters) LC system and Orbitrap Velos mass spectrometer (Thermo Electron Corp., San Jose, CA). Prior to the analysis, proteins were subjected to an in-gel digestion procedure during which proteins were reduced with 100 mM L -1 dithiothreitol (for 30 min at 56°C), alkylated with 0.5 M L -1 iodoacetamide (45 min in darkroom at room temperature) and digested overnight with trypsin (Sequencing Grade Modified Trypsin -Promega V5111). Resulting peptides were eluted from the gel with 0.1% trifluoroacetic acid, 2% acetonitrile (ACN). Peptide mixture was applied to RP-18 precolumn (nanoACQUITY Symmetry® C18 -Waters 186003514) using water containing 0.1% trifluoroacetic acid as a mobile phase, and then transferred to a nano-HPLC RP-18 column (nanoACQUITY BEH C18 -Waters 186003545) using an ACN gradient (0% -60% ACN in 120 min) in the presence of 0.05% formic acid with a flow rate of 250 nL min -1 . The column outlet was directly coupled to the ion source of the spectrometer working in the regime of the data dependent MS to MS/MS switch. A blank run to ensure there was no cross contamination from previous samples preceded each analysis.
Data were processed using Mascot Distiller followed by Mascot Search (Matrix Science, London, UK, on-site license) against the NCBInr 20121126 database. Search parameters for precursor and product ions mass tolerances were 15 ppm and 0.6 Da, respectively; enzyme specificity: trypsin; missed cleavage sites allowed: 0; fixed modification of cysteine by carbamidomethylation and variable modification of and methionine oxidation; taxonomy restriction: Archaea, Bacteria or Eukaryota. Peptides with a Mascot Score exceeding a threshold value corresponding to a <5% False Positive Rate calculated using the Mascot procedure were considered to be positively identified. Proteins with a low Mascot score and low protein coverage were additionally searched using a Mascot Error Tolerant Search, aimed to detect unexpected peptides (modifications, non-specific cleavage sites etc.).
PCR-based validation of the identification of proteins involved in the degradation of starch and PGA
For the experimental validation, PCR primers targeting the oligopeptides identified by LC/MS analysis were constructed. The primers were designed using the PRIMERSELECT component of LASERGENE 6 (DNASTAR). PCR was carried out in a 50 μl reaction mixture containing DreamTaq Green PCR Master Mix (2X) (Thermo Fisher Scientific), 0.25 mM L -1 each primer, and 10 ng of total or genomic DNA. Total DNA was extracted from compost and soil samples using the ZR Soil Microbe DNA kit (ZYMO RESEARCH). Genomic DNA was extracted from the enrichment cultures using the GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific). Products of amplification were separated by electrophoresis through 1% agarose gel. The presence/ absence patterns as well as PCR product sizes were determined. Some PCR products were purified using the GeneJET PCR Purification Kit (Thermo Fisher Scientific) and sequenced. The sequences were aligned and analysed using MEGA 5.05 [16] .
Results
Preparation of gel samples for LC/MS
Total protein extracted from soil and compost samples was subjected to starch and PGA zymography. Proteins of samples DL and IK showed activity against both substrates. Two zones of activity were detected on starch zymograms (excised gel samples DL-1amy and DL-2amy (Table 1) as well as IK-1amy and IK-2amy). One clear zone on PGA zymograms was also detected (excised gel samples DL-3PG and IK-PG). Proteins of samples RP1 and RP2 only showed activity against starch. Single clear zones were detected on zymograms (excised SDS/polyacrylamide gel samples RP1amy and RP2amy (Table 1) ).
Compost samples KO5, DSP, PEK, Z218, Z418, Z421, Z522, and Z925 were used to obtain enrichment cultures. Enrichment cultures on starch were successfully grown using samples KO5 and DSP (excised SDS/polyacrylamide gel samples KO5amy and DSPamy) ( Table 1) . Enrichments on PGA were successfully obtained using samples KO5, DSP, PEK, Z218 and Z418 (excised gel samples KO5p, DSPp, PEKp, Z218p and Z418p ( Table 2) ). Two zones of activity were detected on PGA zymograms when extracellular proteins of enrichment cultures Z421, Z522 and Z925 were analysed (excised gel samples Z421-1p, Z421-2p, Z522-1p, Z522-2p, Z925-1p ( Table 2 ) and Z925-2p).
Zymographic analysis of some samples is shown in Figure 1 .
LC/MS analysis of starch degrading enzymes
LC/MS analysis of starch degrading enzymes of the thermophilic enrichment culture KO5 was successful ( Table 1 ). The sample of SDS/polyacrylamide gel was analysed. Cyclodextrinases, maltogenic amylase and neopullulanase were identified in the gel sample KO5amy with the high score, and the number of identified peptides was ≥7. Glycoside hydrolase (GH) family 15-like protein was also identified; this GH family encompasses glucoamylases and related GHs. Analysis of starch degrading enzymes in the total protein of the compost sample DL revealed a maltodextrin binding protein (DL-1amy, Table 1 ). The latter protein is a receptor protein which serves as an initial binding component in the active-transport system of maltooligosaccharides in bacteria, and, thus, is tightly associated with the biodegradation of starch. No other starch degradation associated proteins were detected in starch zymograms from the total protein samples. It is interesting to note that some other polysaccharide degradation-related proteins were identified in the starch zymograms from total protein. Results of LC/MS showed that GHs with activity against cellulose (endo-1,4-β-glucanase, cellulase) were present in the compost sample DL (DL-2amy, Table 1 ).
In the soil sample RP2, the GK2898 from Geobacillus kaustophilus HTA426 was determined in the SDS/polyacrylamide gel sample. According to BLASTP search results, it is related to the GH18 family.
LC/MS analysis of the starch zymogram of total protein from compost samples RP1 (RP1amy) and IK (IK-1amy and IK-2amy) as well as that of extracellular protein sample of the enrichment culture DSP (DSPamy) revealed several proteins that were identified by only a single peptide match. These data are not shown because we required the identification of ≥2 unique peptides within a single protein to confirm a positive identification [17] .
It should be noted that only thermophilic enzymes were detected in the SDS/polyacrylamide gel sample of the enrichment culture KO5. Similarly, only mesophilic enzymes were detected in the zymogram samples of total protein. In the SDS/polyacrylamide gel sample of RP2amy, the thermophilic hypothetical protein GK2898 was identified.
Generally, the protein score, sequence coverage and number of identified peptides were similar in both the gel sample of the enrichment culture KO5 and the samples of the total protein extracts (Table 1) . Results for the gel preparation for LC/MS depended on the sample. Preference could not be given for either the zymography or the SDS/polyacrylamide gel. (Table 1 ).
LC/MS analysis of PGA degrading enzymes
LC/MS analysis of PGA degrading enzymes from the thermophilic enrichment cultures was also successful ( Table 2 ). Pectate lyase PL47 of thermophilic Bacillus sp. TS-47 was identified in all enrichment cultures with a high score and protein sequence coverage.
The only exception was Z925. Other PGA/pectin degradation-associated proteins, namely arabinooligosaccharides-binding proteins, were also detected in the samples of the enrichment cultures. Hypothetical protein KNP414_00710 (putative rhamnogalacturonan lyase of polysaccharide lyase (PL) family 11) from Paenibacillus mucilaginosus KNP414 also seems to be related to the degradation of PGA/pectin. Some other polysaccharide degradationassociated proteins were identified in the gel samples of enrichment cultures. These are β-glucosidases, exo-inulinase, exo-α-1,4-glucosidase, and α-amylase. Putative GH (hypothetical protein GTNG_1967) was also identified in the sample of the enrichment culture DSP. It should be noted that Z925-1p was the only gel sample where none of the PGA degradation related protein were detected. LC/MS-based identification of PGA degradationassociated enzymes in the total protein samples DL-3PG and IK-PG detected proteins that were identified by only a single peptide match. Therefore, these results are not shown [17] .
Both protein sequence coverage and the number of identified peptides were higher in the samples of the enrichment cultures. The number of identified peptides in the enrichment cultures for the most enzymes was in the range of 2 to 6. In the samples of total protein extracts, only one peptide for each enzyme was identified. In the gel sample preparation, negligible preference could be given to SDS/polyacrylamide gels.
Although the enrichment cultures were thermophilic, PGA degradation-associated proteins from mesophilic bacteria P. mucilaginosus KNP414 were identified in DSPp.
Experimental validation of LC/MS-based identification of proteins involved in polysaccharide degradation
In order to determine whether proteins identified by LC/MS were indeed present in the soil and compost samples, PCR primers targeting peptides identified by LC/MS were designed. Total DNA from compost and soil samples as well as genomic DNA from the thermophilic enrichment cultures were used as templates for PCR. Proteins were chosen randomly for construction of the primers ( Table 3 ). The selected set included proteins with both the highest (11963, Table 2 ) and the lowest (63, Table 2 ) score, with both the largest (204, Table 2 ) and the smallest (2, Table 2 ) number of LC/MS identified peptides. Primers designed in this study are listed in Table 3 . It should be noted that PCR products of the correct size were obtained in all cases. For some proteins (endo-1,4-β-glucanase, α-cyclodextrinase-maltogenic amylase-neopullulanase protein cluster, Figure 2 ), some unspecificity was also detected. Almost all PCR products were purified and sequenced to validate that they do indeed represent the target protein sequences. Our analysis showed that all sequenced PCR products, including those from the genes of proteins with the smallest number of LC/MS identified peptides (exo-α-1,4-glucosidase, arabino-oligosaccharides binding protein and pectate lyase PL47 in the sample Z218p), have the correct sequence of the gene of the target protein identified by LC/MS. This suggests that the LC/MS-based approach allows us to unambiguously identify proteins present in the samples.
Discussion
Biodegradation of polysaccharides usually requires the action of several different enzymes. These enzymes can be produced by a single microbial strain. Alternatively, biodegradation can be the result of simultaneous action of different proteins from completely different microorganisms. Therefore, screening for new biotechnologically relevant enzymes generally involves screening large numbers of wild-type microbial isolates from a particular environment. Different cultivation conditions have to be chosen for these physiologically different microorganisms. On the other hand, the role of unculturable microorganisms in the degradation of polysaccharides is unknown and likely underestimated. Thus, screening for enzymes, rather than enzyme -producing microorganisms is a desirable strategy. MS-based enzyme analysis is a promising approach in realizing this strategy.
In this study, total protein was extracted from soil and compost samples. Total protein samples contain proteins from both culturable and unculturable microorganisms, both prokaryotes and eukaryotes. To our knowledge, analyses of total soil and compost proteins have never been used for the direct screening of polysaccharide degrading enzymes. In this study, we focused on starch and PGA degrading enzymes. Starch and PGA zymography was combined with LC/MS-based identification of the active proteins. Although birch wood xylan, carboxymethyl cellulose, 4-methylumbelliferyl-β-D-glucopyranoside and locust bean gum zymographic analyses have been successfully combined with MS-based identification of enzymes in previous studies [9, 10] , starch and PGA zymography has never been used for the preparation of gel samples for MS. In order to test the impact of the gel sample preparation approach (zymography vs. SDS/polyacrylamide gel) on MS results, we used extracellular proteins from the enrichment cultures as the control samples. In our study, we focused on GHs and PLs -the core enzymes in the degradation of polysaccharides.
The influence of the nature of gel (zymography vs. SDS/polyacrylamide) on the efficiency of protein identification in terms of protein coverage was negligible. These results were consistent with previously published results on the fungal mannanases [9] . According to our results, starch and PGA degradation-associated proteins can be directly excised from the zymograms without need to align zymograms with the SDS/polyacrylamide gels. Generally, both protein sequence coverage and the number of identified peptides were higher in the samples of the enrichment cultures than in the samples of total protein. For most enzymes in the samples of total protein, only one peptide was identified. The number of identified peptides was ≥3 for four starch degradation related enzymes. Such small numbers of identified peptides was reported previously by Geib et al. [10] , when unknown proteins from the complex gut protein mixtures of larval beetles were analysed through xylan, carboxymethyl cellulose and 4-methylumbelliferyl-β-D-glucopyranoside zymography and MS. It should be noted that a lot of completely sequenced genomes are available for culturable microorganisms, and, consequently, MS-based identification of their proteins is more reliable and accurate. For the novel enzymes of the culturable and especially those of unculturable microorganisms, only highly conserved sequences can be identified if they are present in the proteins of interest.
A range of starch and PGA degradation-associated enzymes were identified in both total protein samples and extracellular proteins of the enrichment cultures. Those include cyclodextrinase, amylase, neopullulanase, maltodextrin binding protein, GH15-like protein, pectate lyase, arabino-oligosaccharides-binding protein. In parallel, a number of enzymes unrelated to starch and PGA degradation were also detected in both types of the protein samples: GH18-like protein, endo-1,4-β-glucanase, cellulase, β-glucosidase, exo-inulinase, etc. Similar results were obtained for mannanolytic enzymes of Doratomyces stemonitis, for which the genomic sequence is unavailable [9] , as well as for gut proteins of larval beetles involved in lignocellulose degradation [10] . The presence of seemingly unrelated enzymes can be associated with novel enzymes that are not recorded in the databases. Additional activities of known enzymes or the new members of the previously described GH and PL families cannot be excluded either.
The procedure of LC/MS-based identification of starch and PGA degradation related enzymes was validated using the PCR primers targeting peptides identified by LC/MS. Our results confirmed that the proteins identified using LC/MS were indeed present in the samples, and the LC/MS-based approach allowed us to identify proteins correctly and simply.
In conclusion, we have successfully identified starch and PGA degradation-related enzymes from both zymograms and SDS/polyacrylamide gels. Our results decisively show that proteins involved in starch and PGA degradation can be identified by LC/MS from the complex protein mixtures both with and without cultivation of microorganisms. LC/MS-based identification of proteins from the total protein samples allows us to screen for the active enzymes and circumvent the need for laborious and time-consuming cultivation of microorganisms. Moreover, this methodological approach can be used in studies of cometabolism, enzymes, as well as metabolic properties of all domains of life in a single experiment.
